Magnesium sulfate (MgSO 4 ) administration to mothers at risk of preterm delivery is proposed as a neuroprotective strategy against neurological alterations such as cerebral palsy in newborns. However, long-term beneficial or adverse effects of MgSO 4 and sex-specific sensitivity remain to be investigated. We conducted behavioral and neurochemical studies of MgSO 4 effects in males and females, from the perinatal period to adolescence in a mouse model of cerebral neonatal lesion. The lesion was produced in 5-day-old (P5) pups by ibotenate intracortical injection. MgSO 4 (600 mg/kg, i.p.) prior to ibotenate prevented lesion-induced sensorimotor alterations in both sexes at P6 and P7. The lesion increased glutamate level at P10 in the prefrontal cortex, which was prevented by MgSO 4 in males. In neonatally lesioned adolescent mice, males exhibited more sequelae than females in motor and cognitive functions. In the perirhinal cortex of adolescent mice, the neonatal lesion induced an increase in vesicular glutamate transporter 1 density in males only, which was negatively correlated with cognitive scores. Long-term sequelae were prevented by neonatal MgSO 4 administration. MgSO 4 never induced short-or long-term deleterious effect on its own. These results also strongly suggest that sexspecific neuroprotection should be foreseen in preterm infants.
INTRODUCTION
By interrupting the fetal brain development in the maternal-placental unit, preterm birth is currently responsible for most cases of neonatal morbidity and mortality. Infants born preterm, <37 gestational weeks (GW), have an increased risk of mortality during their first weeks of life (1) . However, as a result of advances in neonatal care, the survival of preterm infants continues to increase (2) . Therefore, attention has been increasingly focused on the quality of life of survivors, who are at great risk of neurodevelopmental disorders. These disorders include cerebral palsy (CP), defined as nonprogressive motor and postural dysfunctions (3), as well as sensory, behavioral, cognitive, and learning deficits during childhood and later in life (4) . CP prevalence is inversely correlated with gestational age (5) . Boys are more vulnerable than girls to prematurity sequelae and adverse outcomes such as CP (6) , with the male:female prevalence ratio around 1.4:1 (7) .
Premature birth can have a negative impact on brain structural and functional integrity. Serial magnetic resonance imaging studies clearly demonstrated a reduction in gray and white matter volumes in premature infants as compared with full-term controls (8) . The potential consecutive neurodevelopmental deficits in premature infants are strongly associated with cerebral white matter damage, particularly periventricular leukomalacia (9) , arrest of oligodendrocyte maturation, as well as impaired gray matter development (10) with a marked reduction in cortical volume and a thalamocortical disconnectivity (10, 11) . The main initiating pathogenic mechanisms are ischemia and inflammation, which often co-exist and potentiate each other. The main downstream mechanisms are excitotoxicity and free-radical attack for which premature infants show an intrinsic susceptibility, leading to an accentuated brain vulnerability (12) .
Attempts have been made to develop therapies preventing prematurity-related brain injuries that could lead to CP. In 2009, a meta-analysis of 5 randomized controlled trials reported a beneficial effect of magnesium sulfate (MgSO 4 ) administered to mothers at risk of imminent preterm delivery (13) . Indeed, a significant reduction in infantile CP incidence at 2 years of corrected age was noted compared with control patients whose mothers did not receive MgSO 4 . Neither maternal death nor life-threatening maternal side effects occurred in the 5 randomized controlled trials. The number of mothers who needed to be treated to prevent 1 case of CP was reported to be 63 before 33-34 GW and 29 before 28 GW (14) .
Magnesium ion is the natural voltage-dependent blocker of the N-methyl-D-aspartic acid receptor (NMDAR) channel. It suppresses seizures and decreases nitric oxide release and, therefore, production of oxygen radicals in microglial cell cultures (15) . It increases brain-derived nerve growth factor concentration in preterm infants' cord blood. MgSO 4 also reduces pro-inflammatory cytokines production in intrapartum women and preterm neonates (16) . However, questions remain regarding the use of MgSO 4 as a neuroprotective agent in the context of prematurity-related brain injuries. First, long-term beneficial effects of MgSO 4 up to adolescence have rarely been investigated (17) . Second, while boys display a greater sensitivity to brain damage, it is still not known whether sex would influence sensitivity to MgSO 4 treatment. Although only a few studies compared male and female outcomes, it appears necessary to take sex into account as a factor influencing the response to therapies in order to use sex-appropriate treatments in neonatal brain care (10) . Finally, because systematic administration of MgSO 4 is increasingly recommended by pediatric societies in women at imminent risk of preterm delivery (18) , it is critical to investigate both the long-term benefits and potential effects of MgSO 4 itself on brain development beyond the postnatal period. Indeed, a high tocolytic dose was reported to induce apoptotic cell death in the developing mouse brain (19) and adverse effects were observed in preterm neonates with high serum magnesium levels (20) .
The ever-rising rate of premature births and the difficulty of conducting prospective studies in human preterm infants highlight the necessity to use animal models representative of injury associated with very low birth weight to further delineate causative factors and potential therapeutics (8, 21) . Although many mechanisms may be implied in neural cell damage observed in brain lesions of neonates, such as an excess of cytokines and free radicals, extracellular matrix damage, or growth factor deficiency, the excitotoxic cascade due to excessive excitatory amino acid release could be the common pathway of these mechanisms, as reported in adults (22) . We used a mouse model reproducing lesions observed in preterm infants born between 24 and 32 GW, based on excitotoxicity induced by an intracortical (i.c.) injection of a NMDAR agonist, ibotenic acid (IBO), to 5-day-old mice (P5) (23) . This model has been efficient for evaluating the short-term efficacy of therapeutic agents on perinatal brain injury (24, 25) . MgSO 4 (600 mg/kg, i.p.) administered just before the lesion induced a neuroprotection observed 5 days postlesion (P10), at the histological level (26) . We used this model to investigate the long-term benefits of neonatal MgSO 4 in males and females.
In this study, we addressed whether (i) MgSO 4 prevented neurochemical and behavioral lesion-induced consequences; (ii) potential MgSO 4 neuroprotective effects would last beyond the postnatal period; (iii) the neonatal lesion and MgSO 4 effects would differ according to sex; and (iv) a neuroprotective 600 mg/kg dose of MgSO 4 might itself trigger some effects on neurochemical parameters and/or sensorimotor or cognitive development in mice. We analyzed the lesion effects with or without MgSO 4 on the sensorimotor development of male and female pups in the short term (P6-P10) and on their motor and cognitive performance when adolescents (P33-P40). In parallel, we analyzed the impact of the perinatal lesion, with or without MgSO 4 , on glutamate and gammaaminobutyric acid (GABA) signaling, both of which are involved in early brain development (27) . In each aspect of the study, we evaluated whether MgSO 4 by itself might induce any effect at the considered dose.
MATERIALS AND METHODS

Animals and Housing
National Marine Research Institute mice, purchased from Janvier (Le Genest-Saint-Isle, France), were housed at 21 6 1 C with a 12-hour light/dark cycle (lights on from 07:00 to 19:00) and provided with food and water ad libitum. For the short-term studies, male and female pups were followed from P5 to P10. For long-term follow-up of P5 lesioned mice, pups were weaned at P23. Males and females from different litters were separated with a minimum of 2 mice per cage and housed in the conditions described above, until studies in pubescent adolescents were performed from P33 to P40 (28) . All behavioral tests were performed from 07:00 to 14:00. Young and adolescent mice were handled daily. Animal manipulations were performed according to the recommendations of the European Communities Council directives (86/ 609/EEC) and French national legislation. The study received the French Ministry of Education and Research approval (agreement no. 01680.02/2014, October 13, 2014). All efforts were made to minimize animal number and suffering.
Mouse Model of Excitotoxic Insult
The excitotoxic lesion was induced in mice as described by Marret et al (23) . An i.c. injection of 10 mg IBO (Tocris, Bristol, UK), diluted in 0.1 M phosphate buffered saline (PBS) containing 0.02% acetic acid, was performed in P5 pups anesthetized with isoflurane (Baxter SAS, Guyancourt, France) and under semistereotaxic guidance, with a 25-gauge needle (0.5 Â 25 mm; BD Microlance, Oxford, UK) fixed on a 50-mL Hamilton syringe (Hamilton 1705 LT, Reno, NV) mounted on a calibrated microdispenser (PB600-1 Dispenser, Hamilton). The i.c. injection was done in the frontoparietal cortex of the right hemisphere, at a 3-mm depth from the skull and 2 mm lateral from the midline. Two 1-mL boluses were administered as the syringe retracted at a 10-second interval and the needle was left in place for an additional 10-second period.
Immediately prior to i.c. injections, 10 mL MgSO 4 (600 mg/kg), or PBS was administered intraperitoneally (i.p.) with a 30-gauge needle (0.3 Â 13 mm; BD Microlance) mounted on a 10-mL Hamilton syringe (Hamilton 1701 LT). Pups were assigned to the following experimental groups:
(to assess effects of MgSO 4 itself); (iii) PBS i.p. þ IBO i.c. (to assess effects of the excitotoxic lesion); and (iv) MgSO 4 i.p. þ IBO i.c. (to assess MgSO 4 effects on the excitotoxic lesion). Once they recovered from anesthesia, pups were returned to their home cage with their dam until the beginning of the behavioral tests. Pups were marked individually to follow each pup's performance. No seizures or apnea were noted after ibotenate injection.
MgSO 4 Plasma Concentration Assay
Mg 2þ plasma concentration was determined in blood samples from P5-P6 mice injected either with 10 mL PBS i.p. or 10 mL MgSO 4 (600 mg/kg, i.p.). To determine the time course of Mg 2þ concentration, plasma was extracted from distinct groups of mice at 0.5, 1, 1.5, 2, 3, 6, 10, and 24 hours. For this purpose, pups were anesthetized with isoflurane and blood samples were collected by intracardiac puncture. Heparinized blood samples were centrifuged (1000g) at 4 C for 10 minutes. Plasma was collected and stored at À20 C. Plasma Mg 2þ concentration was measured using an ADVIA 2400 automat (Siemens Healthcare Diagnostics, Saint-Denis, France) according to the technique published by Mann and Yoe (29) . Calcium was excluded from the reaction by a complexation with ethylene glycol tetraacetic acid. Mg 2þ reacted with Xylidyl blue in an alkaline solution to form a purple-red colored complex soluble in water. The absorbance was measured at 505 and 694 nm and results were expressed in mmol/L.
Behavioral Evaluations of Neonate Mice Sensorimotor Abilities
Behavioral tests were conducted from P6 to P10 to investigate the development of motor and sensory performance in male and female pups (Fig. 1) . Mice weight was recorded every day, and mortality rate at P6 was noted for each group. Tests consisted of a reflexive sensorimotor ability task (righting reflex test) performed from P6 to P10 and a vestibular and body coordination task (negative geotaxis test) performed at P6 and P7 (30, 31) . In the righting reflex test, the time needed for a pup placed on its back on a flat surface to turn over on its 4 limbs, without any limb stuck under the body, was recorded. The cut-off time per trial was set at 60 seconds. Each value was the mean of 3 successive trials separated by a 10-second delay. At the end of the 3 trials, the pups were placed back in their home cage. Each pup underwent 3 trials per day from P6 to P10. In the negative geotaxis test, the time needed for a pup, placed head down on a 30 inclined surface, to turn at 180
and to begin crawling up the slope was recorded. The cut-off time per trial was set at 60 seconds. Each value was the mean of 2 trials per day at P6 and P7, performed after the completion of the righting reflex task. Two successive trials were separated by a 10-second delay.
Behavioral Testing of Adolescent Mice
A second set of behavioral tests was performed in mice when adolescents, from P33 to P40 (Fig. 1 ). Mice were treated at P5 and left in the home cage until weaning at P23. The behavioral tests were performed in the following order: Novel object recognition (NOR) test at P33 and P34, Catwalk at P36, and cylinder and fine motor skill test at P39 and P40. All tests were conducted in the same experimental room between 10:00 and 14:00. Mice were placed in the room 1 hour before each test, for habituation, except for the Catwalk test, for technical reasons. For all experiments and for each group, males and females were tested separately. Moreover, cages and objects were thoroughly cleaned with 3% ethanol and dried between each trial to avoid olfactory cuing.
NOR Test
This NOR test was conducted from P33 in a plastic cage (43 Â 27 Â 20 cm) similar to the home cage. During the first session, mice were exposed to the field where they could freely explore the 2 identical conical shaped objects (6 Â 1 cm) for 10 minutes. In a preliminary study, we had verified the absence of spontaneous preference for 1 object using separate animals from the same strain. In a second session 24 hours later, 1 of the 2 objects was replaced by a rectangular shaped object (2 Â 1 Â 6 cm), and mice were allowed to explore freely for 5 minutes. The time spent exploring each object was recorded, when mice sniffed and/or interacted with the objects from a distance 1 cm. In order to analyze mice performance, a preference index was calculated as follows:
Preference index ¼ ð½time exploring the novel object -time exploring the familiar object=total exploration timeÞ Â 100:
A value of 0 indicates no preference for 1 object. Positive values indicate preference for the novel object, whereas negative values indicate preference for the familiar object.
Automated Gait Analysis
The use of the Catwalk apparatus for detecting gait impairment was described in several rodent models (32) . The Catwalk gait analysis system (Noldus Information Technology, Wageningen, The Netherlands) consisted of a 1.3 m-long glass-covered walkway with a camera placed underneath to record the walking pattern. The mouse was put at one end and the home cage was placed at the other end of the walkway. Performance was recorded and analyzed using the Catwalk XT 10.1 software. No habituation phase was necessary prior to testing. The test was performed at P36 until 3 complete runs were recorded. A complete run was defined as a continuous run without walk interruption, a speed variation <60%, and a run time of at least 1 second. The average of 3 runs was used for the analysis of each animal's performance. Mice body weight was noted and speed variation during runs was controlled. All data were exported from the analysis software. Quantitative analysis included 2 parameters: (i) terminal dual stance, which is the duration (seconds) of the brief period within the same step cycle when both forepaws make contact with the ground; and (ii) support-4, which corresponds to the relative duration of simultaneous contact of the 4 paws with the ground.
Cylinder Test
At P39, forelimb sensorimotor impairment was tested using the cylinder test, which assesses the symmetry or lack thereof of limb use. A hollow glass cylinder (9 Â 13 cm) was used to allow mice to stand up and to move in any direction. A habituation phase was conducted 24 hours before the test. Mice were placed in the cylinder for 10 minutes to explore. In the test phase, animals were video-recorded for 10 minutes to determine forelimb preference. For this purpose, forepaw contacts with the glass wall when the mice stood up (vertical exploration) and landed were counted, and the preference index relative to the lesioned (ipsilateral) side was obtained as follows:
Fine Motor Skill Test
At P40, a fine motor skill test was performed. Total food deprivation was conducted the night before the test to improve attention to the task. The habituation phase was common to the cylinder test. On the day of the test, mice were left in the cylinder in the presence of 2 chocolate pellets and videorecorded. The latency to grasp a pellet was noted, as well as the duration to completely eat the 2 pellets. The cut-off time was set at 120 seconds for the latency to grasp and at 300 seconds for the duration to eat.
Histological Assessment of the Lesions
To evaluate the histological alterations, cresyl-violet staining of brain sections was performed in P10 mice brains and luxol-phloxin staining in P40 mice brains. The mice were killed and the brains were fixed in 4% paraformaldehyde for 48 hours at room temperature (RT) and then processed for paraffin-embedded sectioning (Shandon Citadel 2000, Thermo Fisher Scientific, Waltham, MA). Brain sections (10 mm thick) were cut on a microtome (Leica 2035 Biocut, Leica Microsystems, Wetzlar, Germany), processed for cresyl-violet or luxol-phloxin staining, mounted using Eukitt (VWR, Radnor, PA), and observed under a microscope (Leica DM 5500 B, Leica Microsystems) equipped with a camera (Microfire, Optronics, Fremont, CA).
For lesion quantification in P10 mice brains, an excellent correlation between the measurements from the radial, lateral-medial, and fronto-occipital axes of the IBO-induced lesions has been described. Consequently, the maximal sagittal fronto-occipital diameter was determined as the number of sections multiplied by the thickness of 1 section (10 mm) and it constituted an accurate index of lesion volume (33) .
Analysis of Glutamate and GABA Levels by HPLC
Mice were killed at P10 and the brains were rapidly extracted on ice. Parietal and frontal cortices as well as the hippocampus were then dissected. Distilled water (300 mL) was added to the sample before sonication at 40 Hz using a Vibra Cell Sonicator (Sonics and Materials, Newton, CT) for 4 seconds. Homogenates were centrifuged (9000g) for 10 minutes at 4 C. For protein determination according to the Bradford method, pellets were resuspended in 0.1 N NaOH. Supernatants were filtered through 0.45-mm filters (Millipore, Merck KGaA, Darmstadt, Germany) and kept frozen at -80 C until assay of glutamate and GABA through a high-performance liquid chromatography system with electrochemical detection (HPLC-EC). A prior derivatization was processed at 4 C by adding 15 mL of sample to the same volume of a reactive solution prepared with 8 mM o-phthaldialdehyde in a 0.4 M borate buffer (pH 10.4) containing 2% ethanol and 0.08% 2-mercaptoethanol. Following the 120-second derivatization, separation and detection were performed using a C18 reversed phase column Supelcosil (3.0 Â 150 mm, 3 mm; Sigma Aldrich, St. Louis, MO) coupled with an electrochemical detector (Decade II, Antec, Leyden, The Netherlands) with a glassy carbon electrode set at 0.6 V versus an Ag/AgCl reference electrode. Samples (20 mL) were injected into the HPLC system by means of an automatic device (AS 3000, Thermo Separation Products, Piscataway, NJ). The mobile phase containing 0.1 M phosphate and 24% methanol (pH 5.9) was filtered through 0.45-mm filters (Millipore) and delivered by a pump (P1000XR; Spectra System, Providence, RI) at a flow rate of 0.4 mL/minute. Sample chromatograms were recorded and integrated using Azur software (Datalys, Le Touvet, France) in comparison with the appropriate standards (glutamate or GABA).
Immunoautoradiography Assay
Brains from P40 mice that had undergone the behavioral tests were extracted and fresh frozen in isopentane at -30 C. Brain sections (10 mm) were cut on a cryostat (Microm HM 525, Microm International, Waldorf, Germany) at -20 C and stored at -80 C until use. On the day of the immunoautoradiography assay, sections were thawed and air dried for 30 minutes and then fixed in paraformaldehyde (4% in PBS) for 15 minutes at RT. Sections were then washed in PBS (3Â 10 minutes, RT). Nonspecific binding sites were saturated with buffer A (3% BSA, 1 mM NaCl, 1% goat serum, 0.02% sodium azide in PBS) for 1 hour. Sections were incubated in buffer A containing antisera against vesicular glutamate transporter-1 (VGLUT-1; rabbit polyclonal, 1/50 000; INSERM 1130), VGLUT-2 (rabbit polyclonal, 1/20 000; INSERM 1130), or vesicular GABA transporter (VGAT; rabbit polyclonal, 1/30 000; Gottingen, Germany) overnight at 4 C. Sections were then rinsed in PBS (3Â 10 minutes RT) and incubated in buffer A containing antirabbit [ 125 I]-IgG (100 mCi/mL, GE Healthcare Life Sciences, VelizyVillacoublay, France) for 2 hours (RT). Sections were rinsed (3Â 10 minutes PBS, RT) and rapidly immersed in MilliQ H 2 O. Sections were allowed to dry at RT for 1 hour and then exposed to autoradiographic films (Biomax MR, VWR International, Fontenay-sous-Bois, France) in the presence of a 14 C calibration scale for 3 days. Following exposure, films were scanned using a high-resolution scanner at 1600 dpi (Epson, Levallois-Perret, France) and then analyzed with MCID Analysis software (Imaging Research Inc., Buckinghamshire, UK). Density was converted to nCi/mg tissue according to the calibration scale. Different structures were delimited for analysis: Prefrontal cortex, striatum, motor cortex, somatosensorial cortex, hippocampus, and perirhinal cortex according to the atlas of Franklin and Paxinos (34) (Supplementary Data Fig. S5 ). Regions devoid of VGLUTs or VGATs, as corpus callosum, were measured to evaluate nonspecific labeling, which was subtracted from total labeling to evaluate the specific binding in each region of interest.
Statistical Analysis
Statistical analyses were performed using Statistica ver.7.0 (Statsoft, Dell, Montpellier, France). The Fisher exact test was used for comparison between groups for the analysis of the mortality rate. One-way analysis of variance (ANOVA) followed by Dunnett's test was used for comparison between all groups and controls for the analysis of the magnesemia time-course. Intergroup comparisons were performed using 3-way ANOVA when males and females were identified in experiments or 2-way ANOVA when data from males and females did not differ or when it was necessary to focus on one sex. When sexes were identified, data from males and females are presented unpooled on the same figure. When experiments were performed over several consecutive days, a 3-way ANOVA with repeated measures was conducted. When appropriate, post hoc comparisons were made via the Tukey test. The significance threshold was set at p < 0.05. Despite a high intragroup dispersion in some tests, no data were excluded.
RESULTS
MgSO 4 Prevented IBO-Induced Mortality in Young Mice
A Fisher exact test showed a significant effect of the lesion (PBS-IBO) on the mortality at P6 when compared with controls (PBS-PBS; p < 0.001; Supplementary Data 
Mg 21 Plasma Concentration Was Maximal 30 Minutes After MgSO 4 Administration in Young Mice
Mice injected with PBS had a 0.73 6 0.03 mM basal Mg 2þ plasma concentration. Intraperitoneal injection of MgSO 4 increased Mg 2þ plasma concentration measured from 30 minutes to 6 hours, while levels at 10 and 24 hours did not differ from the basal Mg 2þ level (Fig. 2) . A 1-way ANOVA showed a significant effect of the pretreatment factor (F(8,45) ¼ 39.61; p < 0.001). Post hoc analysis showed a significant rise in Mg 2þ levels at 0.5 hours (þ350%, p < 0.001), 1 hour (þ212%, p < 0.001), 1.5 hours (þ147%, p < 0.001), 2 hours (þ90%, p < 0.01), 3 hours (þ106%, p < 0.01), and 6 hours (þ81%, p < 0.05) following MgSO 4 administration, compared with basal Mg 2þ .
MgSO 4 Prevented IBO-Induced Sensorimotor Alterations in Young Mice
Young mice were tested from P6 to P10 to evaluate the IBO and MgSO 4 effects on sensorimotor features. In the righting reflex test, a 3-way repeated measures ANOVA including sex, pretreatment, and lesion factors showed an interaction between pretreatment and lesion (F(1,164) ¼ 33.06; p < 0.001) and a significant effect of the time factor (p < 0.001). Graphs displaying male and female pups' scores in the righting reflex are shown separately for better visibility (Fig. 3A, B) . Tukey analysis showed a decreased performance in the righting reflex at P6 in both PBS-IBO males and females compared with their respective PBS-PBS controls (þ320% and þ378% in latency respectively, p < 0.001). MgSO 4 administration in lesioned mice (MgSO 4 -IBO) totally prevented these alterations at P6 (p < 0.001 vs PBS-IBO) in both males and females.
Such a difference was not observed from P7 to P10, as performance improved in all groups, illustrated by a progressive decrease in latency to turn. No differences were seen between males and females at any time, and no significant difference was observed in MgSO 4 -PBS versus PBS-PBS.
In the negative geotaxis test, a similar 3-way repeated measures ANOVA from P6 to P7 including sex, pretreatment, and lesion factors showed an interaction between pretreatment and lesion (F(1,164) ¼ 28.51; p < 0.001; Fig. 3C ). In PBS-IBO males, an increase in latency to turn was observed at P7 compared with PBS-PBS (þ416%, p < 0.01), which was totally prevented in MgSO 4 -IBO (p < 0.05). Similarly, in females, latency to turn was higher in PBS-IBO compared with PBS-PBS at P6 (þ276%, p < 0.001), which was totally prevented in MgSO 4 -IBO (p < 0.01; Fig. 3C ). Neither the effect of MgSO 4 itself nor sex factor effects were observed at any time.
MgSO 4 Prevented IBO-Induced Brain Lesion in Young Mice
To investigate whether MgSO 4 pretreatment afforded protection against IBO-induced lesion, cresyl-violet staining was performed on brain slices to visualize and quantify morphological alterations in the cortex and corpus callosum (Fig. 4) . Brains from PBS-IBO had a reduced cortical thickness with tissue disorganization when compared with MgSO 4 -IBO (Fig. 4A, B) . Brains from PBS-PBS and MgSO 4 -PBS mice showed a slight lesion, the needle track, due to the mechanical disruption of the pial surface and/or of the underlying glia limitans (35) 
MgSO 4 Prevented an IBO-Induced Increase in Glutamate Levels in the Prefrontal Cortex in Young Male Mice
Glutamate and GABA assays were performed by HPLC in brain structures ipsilateral to the lesion, in male and female P10 mice: Prefrontal and parietal cortices and hippocampus. In the last 2 structures, a 3-way ANOVA including pretreatment, lesion, and sex factors did not reveal any significant effects (Supplementary Data Fig. S2 ). Regarding glutamate levels in the ipsilateral prefrontal cortex, a 3-way ANOVA including pretreatment, lesion, and sex factors showed an interaction between pretreatment and lesion (F(1,88) ¼ 5.98; p < 0.05; Fig. 5 ). Tukey analysis revealed a significant increase in glutamate level in PBS-IBO compared with PBS-PBS in males and females (þ65% and þ73%, respectively, p < 0.05). MgSO 4 pretreatment (MgSO 4 -IBO) totally prevented this glutamate level increase in males (MgSO 4 -IBO vs PBS-IBO, p < 0.05) and tended to prevent it in females (p ¼ 0.088). GABA levels remained equivalent between all groups (Supplementary Data Fig. S2 ). MgSO 4 -PBS did not significantly differ from PBS-PBS regarding glutamate or GABA levels in any region studied. 
MgSO 4 Prevented Motor Impairments Induced by the Neonatal IBO Lesion in Adolescent Mice
Two parameters were analyzed using the Catwalk XT software to investigate motor coordination in adolescent mice lesioned at P5 and MgSO 4 effects. First, a 3-way ANOVA with sex, pretreatment, and lesion factors on the terminal dual stance duration data obtained from the front paws showed an interaction between pretreatment and lesion (F(1,110) ¼ 5.14; p < 0.05; Fig. 6A ) and a sex effect (F(1,110) ¼ 6.58; p < 0.05). Tukey analysis revealed that terminal dual stance duration was increased in male PBS-IBO compared with PBS-PBS (þ94%, p < 0.05) with front paws remaining longer simultaneously in contact with the ground. MgSO 4 did not significantly prevent the duration increase observed in PBS-IBO male, although a tendency was detected. No differences in terminal dual stance duration were significant between female groups. No effect of MgSO 4 itself was detected in males or females. Second, in the support-4 stance (Fig. 6B) , a 3-way ANOVA showed an interaction between pretreatment and lesion (F(1,110) ¼ 6.87; p < 0.05) and between sex and lesion (F(1,110) ¼ 4.00; p < 0.05). Tukey analysis showed that male PBS-IBO had their 4 paws simultaneously in contact with the floor more frequently than PBS-PBS (þ136%, p < 0.01), an effect prevented by MgSO 4 (MgSO 4 -IBO vs PBS-IBO; p < 0.05; Fig. 6B ). Such effects were not observed in females. MgSO 4 itself did not induce any effects on these 2 motor coordination parameters in either sex.
MgSO 4 Prevented IBO-Induced Fine Motor Skill Alterations in Adolescent Mice
In the cylinder test, at P39, no significant difference appeared between groups in the use of the contralateral forelimb when rearing or landing (Supplementary Data Fig. S3) . A fine motor skill test was then performed at P40 by analyzing the latency to grasp a pellet and duration to eat it (Fig. 7) . Regarding the latency to grasp the pellet, a 3-way ANOVA with pretreatment, lesion, and sex factors showed an interaction between pretreatment and lesion (F(1,100) ¼ 5.83; p < 0.05; Fig. 7A ). Tukey analysis revealed that PBS-IBO males needed more time (28 seconds vs 1 second) to grasp the pellet compared with PBS-PBS males (p < 0.01). A total prevention by MgSO 4 (-89% latency, p < 0.05) was observed, as MgSO 4 -IBO latency did not differ from that of PBS-PBS. Only tendencies were observed in females.
Regarding the duration to eat the 2 pellets, a 3-way ANOVA showed a trend toward an interaction between pretreatment and lesion (p ¼ 0.052). Duration to eat was then analyzed via a 2-way ANOVA for each sex, with pretreatment and lesion as factors. An interaction was observed in males (F(1,59) ¼ 7.59; p < 0.01; Fig. 7B ). Tukey analysis revealed an increase by 116% in the duration to eat in PBS-IBO males compared with PBS-PBS males (p < 0.05). MgSO 4 pretreatment tended to prevent this lesion effect (p ¼ 0.16), and duration to eat did not significantly differ between MgSO 4 -IBO and PBS-PBS. No interaction was observed in females. A tendency toward an increased duration appeared in PBS-IBO females, without any MgSO 4 preventive tendency. In this fine motor skills test, MgSO 4 itself did not have any significant effect.
MgSO 4 Prevented IBO-Induced Memory Deficits in Adolescent Mice
P34 mice were tested in the NOR test to evaluate cognitive performance. In a pretest phase, naive male and female mice were tested for a potential preference for 1 of the 2 different objects (preference index) and for their total exploration time. Neither males nor females showed a spontaneous preference for 1 object and total exploration time was identical (Supplementary Data Fig. S4 ). In the test phase, regarding the preference index, a 3-way ANOVA including pretreatment, lesion, and sex factors showed an interaction between pretreatment and lesion (F(1,108) ¼ 39.59; p < 0.001; Fig. 8A ). When presented with both the familiar and the novel objects, both PBS-PBS males and females showed a preference for the latter. Tukey analysis revealed that PBS-IBO males and females had a much lower preference index compared with respective PBS-PBS (-66% and -78%, respectively, p < 0.001). In both sexes, MgSO 4 -IBO did not show impaired performance compared with PBS-PBS but significantly differed from PBS-IBO (p < 0.001).
Regarding total exploration time, a 3-way ANOVA showed an interaction between pretreatment and sex (F(1,108) ¼ 7.50; p < 0.01; Fig. 8B ) and between lesion and sex (F(1,108) ¼ 9.93; p < 0.01). A Tukey test revealed that PBS-IBO males spent 30% less time exploring both objects compared with PBS-PBS (p < 0.05). This reduction in total exploration duration was totally prevented by MgSO 4 pretreatment (MgSO 4 -IBO vs PBS-IBO, p < 0.05). No differences in total exploration time were seen among female groups. Tukey analysis also showed that PBS-IBO males had a lower total exploration time compared with PBS-IBO females (26.8 seconds vs 47.3 seconds, p < 0.001). In both parameters studied, MgSO 4 administered alone did not show any effect.
IBO Lesion Altered VGLUT-1 Density in the Perirhinal Cortex in Adolescent Male Mice
Immunoautoradiography assays were performed on brain slices from P41 mice who had undergone behavioral tests. VGLUT-1, VGLUT-2, and VGAT densities were evaluated in several brain structures, in each hemisphere. As no significant interhemispheric difference appeared, data from both hemispheres were combined for subsequent analysis.
A 3-way ANOVA including pretreatment, lesion, and sex factors did not reveal any changes in VGLUT-1, VGLUT-2, and VGAT densities in the prefrontal, motor, and sensorial cortices nor in hippocampus or striatum. MgSO 4 did not induce any effects by itself in these brain regions (Fig. 9A-C) . In the perirhinal cortex, VGLUT-1 density showed a specific alteration. Indeed, 3-way ANOVA with pretreatment, lesion, and sex factors showed a trend toward an interaction between these 3 factors (p ¼ 0.056). A separate analysis was then performed in each sex. A 2-way ANOVA showed an interaction between pretreatment and lesion (F(1,23) ¼ 5.77; p < 0.05; Fig. 9D ) in male mice. Tukey analysis revealed an increase in VGLUT-1 density in the perirhinal cortex of PBS-IBO males compared with PBS-PBS (p < 0.05). MgSO 4 pretreatment tended to prevent this lesion-induced increase in VGLUT-1 density, and VGLUT-1 density did not significantly differ between MgSO 4 -IBO and PBS-PBS mice. No differences were observed in females (data not shown).
Because of the well-characterized role of the perirhinal cortex in the NOR task, and in order to investigate a potential link between behavioral and immunoautoradiography results, VGLUT-1 density in the perirhinal cortex was plotted with data from the NOR test. VGLUT-1 density in males was negatively correlated with the preference index. The Pearson correlation coefficient (r) was -0.38 (p ¼ 0.05; 95% confidence interval: -0.6632 to 0.001874; R 2 ¼ 0.1433; Fig. 9E ), indicating a negative correlation between these 2 parameters.
MgSO 4 Prevented IBO-Induced White Matter Lesions in Adolescent Mice
Luxol-phloxin staining was performed on brain slices to visualize the effects of the neonatal IBO lesion with or without MgSO 4 on white matter integrity. Thirty-five days after lesion, the corpus callosum of PBS-IBO was altered compared with PBS-PBS, as shown at this anteriority level. This alteration seemed to be prevented in MgSO 4 -IBO (Fig. 10) .
DISCUSSION
Multicenter clinical studies proposed MgSO 4 administration as a neuroprotective strategy against brain injuries occurring in the context of preterm birth (24-32 GW) (13) , and its use is recommended in several countries. Some questions remain, however, regarding its long-term efficacy and the risk of MgSO 4 effects on brain development. The aim of this study was to characterize in an animal model and in a sex-dependent manner, the short-and long-term protective effects of MgSO 4 administered prior to the lesion on sensorimotor and cognitive developments. The effects of MgSO 4 itself have been evaluated on these features throughout the study. We used a murine model of perinatal cerebral lesion induced by an i.c. injection of IBO, a glutamatergic agonist, in P5 pup mice. This excitotoxic model mimics the lesion pattern observed in some preterm neonates at 24-32 GW (23). On the whole, our study shows for the first time that the lesion affected sensorimotor performance to the same extent in both sexes, during the first week of life. MgSO 4 totally prevented these impairments. Conversely, a greater vulnerability of male mice to the perinatal lesion appeared when adolescents, with males more affected than females regarding motor coordination, fine motor skills, and cognition related to perirhinal glutamatergic terminals density. MgSO 4 administered prior to the perinatal lesion was effective at preventing lesion-induced long-term impairments.
Excitotoxic processes have been shown to be involved in neuronal damage resulting from an excess of glutamate release. Indeed, excessive NMDAR activation results in [Ca 2þ ] i accumulation, leading to neuronal injury and death. Unilateral injection of IBO, acting mainly through NMDAR activation, into the frontoparietal cortical area of P5 pups mimicked this condition. Five days after IBO injection, we observed a reduced cortical and corpus callosum thickness with a disorganized tissue pattern, as initially described (23) . In this context, MgSO 4 pretreatment prevented IBO-induced tissue injury observed at P10. The dose of MgSO 4 administered in our study (600 mg/kg, i.p.) prior to the lesion led to serum Mg 2þ concentrations at a maximal level of 3.2 mmol/L at 30 minutes, in the range of levels reported to be neuroprotective (2.0-2.5 mmol/L at 1 hour post MgSO 4 ) and far below the toxic range (6 mmol/L in rats) (36) . Our values corresponded to serum levels found in human neonates following MgSO 4 administration (37). The neuroprotective effect of MgSO 4 in our model could result from the channel blockade of NMDARs, thus reducing excitotoxicity, although MgSO 4 could act through arterial pressure stabilization, increased brain-derived nerve growth factor, vasodilatation, and anti-inflammatory effects (38, 39) .
Our behavioral results demonstrated that neonatally induced IBO lesions led to significant short-term alterations of both righting reflex and negative geotaxis, which constitute responses to vestibular signals about head and body 
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MgSO4-IBO PBS-IBO MgSO4-PBS PBS-PBS orientations. During the first postnatal week, the similar alterations in performance observed in male and female lesioned mice in both tests were prevented by MgSO 4 . Magnesemia rapidly decreased, indicating that MgSO 4 effects are shortterm effects.
The first postnatal week in rodents, which is a major period of synaptogenesis and increased synaptic activity (40) , is a period of high brain vulnerability. Glutamatergic signaling, through ionotropic receptors, is important for neuronal proliferation, migration, and synaptic plasticity in brain developmental processes (27) . The glutamate increase observed 5 days after the lesion in the prefrontal cortex, a cortical region distant from the site of IBO injection, suggests an adaptive response rather than a direct IBO effect. In males, MgSO 4 pretreatment totally abolished the glutamate level increase in the prefrontal cortex 5 days later. In females, a tendency toward prevention was observed. A relationship between increased brain glutamate concentration and enhanced delay to produce certain reflexes, such as the righting reflex, was described in rat neonates after subcutaneous administration of monosodium glutamate (41) . We observed impairment in the righting reflex following IBO lesion, and its reversal by MgSO 4 in parallel with the levels of glutamate in the prefrontal cortex, but not in the somatosensory cortex. Further studies (i.e. using microdialysis) are needed to evaluate whether enhanced release or presynaptic accumulation accounts for these high glutamate levels, although this technique is difficult to perform in mice neonates.
Physiotherapists can evaluate gross motor everyday performance in children displaying CP through a GMFCS 5-level system, with Level I representing the least limitation. Children and adolescents (6-12 years-old) in Level I may walk without restrictions but their body balance and coordination are reduced (42) . IBO induced few alterations in the gait coordination of adolescent mice, as shown in the Catwalk test. Compensatory mechanisms stabilizing the locomotion may have occurred since P5, thus limiting the lesion sequelae. Scarce modifications were indeed detected among the large number of parameters measured. Male mice appeared more vulnerable Manual ability in important daily activities of children with CP can be evaluated using the MACS 5-level system, with Level I representing the least limitation. Level II children may handle most objects but with somewhat reduced quality and/or speed of achievement (43) . Male IBO mice showed increased latency to pick up the pellets and duration to eat compared with controls, deficits prevented by MgSO 4 , whereas no significant changes were observed in females. The absence of body weight differences between groups suggests that IBO mice had normal food intake, although reduced motor capacities.
Clinical studies reported learning deficiencies as a longterm consequence of perinatal brain lesions (4, 44) . Male and female IBO mice showed impaired NOR ability, and only IBO males presented a reduced total exploration time. All deficits were prevented by MgSO 4 . Three cerebral structures are well known for their role in recognition memory: The hippocampus (45), the medial prefrontal cortex (46) , and the perirhinal cortex (47) , particularly when the localization of the 2 objects is unchanged throughout the test (48) . In the perirhinal cortex, long-term potentiation could be induced by high-frequency stimulation relying on the activation of the NMDAR (49) . Moreover, infusion of an NMDAR antagonist in the perirhinal cortex during the acquisition phase of the test impairs the object recognition ability measured 24 hours later, indicating a critical involvement of NMDAR-mediated transmission in the perirhinal cortex at this delay (50) . Cortical glutamatergic transmission participates in the control of the striatal loop involved in motor regulation (51) and in the NOR test (52) . We thus looked at a possible alteration in glutamatergic or GABAergic transmission putatively associated with adolescent male behavioral impairments. VGLUTs density reflects the density of nerve terminals releasing glutamate. They are responsible for transporting glutamate into presynaptic vesicles, a step required for exocytotic release. VGAT transports GABA into presynaptic vesicles in GABA terminals and its measurement reflects GABA afferents density (53) . Under physiological conditions, glutamate plays a pivotal role in learning and memory, as well as in synaptic plasticity. Although a major histological IBO effect was observed at P10, the absence of modifications in VGLUT-1, VGLUT-2, or VGAT densities in several regions (prefrontal, motor, sensorial cortices, hippocampus, striatum) in adolescent mice brains is worth noting. This indicates that the lesion had no long-term consequences on glutamatergic and GABAergic innervation densities or neurotransmitter release efficacy, nor did MgSO 4 per se. A specific increase in VGLUT-1 density was measured in the perirhinal cortex of IBO male mice, and MgSO 4 exhibited a tendency toward prevention. This increased VGLUT-1 density suggests a long-term reorganization of the glutamatergic network after the perinatal injury. Further studies are needed to examine whether the increase in a presynaptic glutamatergic marker may participate in a homeostatic regulation, namely presynaptic axonal sprouting or increased firing to compensate for an altered postsynaptic receptors density, especially in males (54) . The negative correlation between VGLUT-1 density and the preference index suggests that VGLUT-1 expression increase may affect performance in the cognitive test. As reported in aged rats (55), a VGLUT-1 increase could thus have taken place to compensate for a weak efficacy of glutamatergic postsynaptic signaling.
On the whole, the neonatal IBO lesion with or without MgSO 4 did not induce major alterations regarding gray matter relevant markers as VGLUTs or VGAT in adolescent mice. Conversely, white matter (corpus callosum) was damaged in IBO mice aged P40. It is worth noting that white matter lesions at the level of corpus callosum were described as associated with functional deficits in recognition memory (56) . Studies are currently in progress in order to analyze MgSO 4 impacts on white matter development in this context of neonatal excitotoxic lesion.
In the present study, several sex-dependent lesion effects appeared, with adolescent males generally more affected than females. Whereas males and females were equally affected by IBO in the short term, sex-dependent sequelae were observed only after several weeks. One may hypothesize that either observed neonate behavioral alterations rely on distinct mechanisms depending on the sex, or females have better plasticity allowing compensation along the postnatal to prepubertal period. MgSO 4 was neuroprotective in the vast majority of tests in the IBO paradigm. In motor skill assays, females were poorly affected, so the IBO model does not seem appropriate to estimate putative MgSO 4 protection in females.
The lesion was induced at P5 during a critical period for sexual differentiation in rodents, which closes around P10 (57) . Serum testosterone derived from the fetal testis peaks in male rats shortly before birth, around embryonic day 18, and again on the day of birth (58) . This particular feature may account for enhanced IBO-induced excitotoxicity and may contribute to the exacerbated deficits observed in adolescent male mice, as reported in adults (59) . Since females were as affected as males in behavioral tests performed before P10, we hypothesize that higher compensation could be acquired during puberty in females with a putative reparative potency of sex steroids, particularly estrogens, which could contribute to improve the functional outcome after injury (60, 61) . Further studies should be undertaken to determine the role of sex hormones in this long-term differential vulnerability to perinatal adverse events. In our study, the lack of effects of MgSO 4 (600 mg/kg; i.p.) itself when administered in P5 mice with regard to sensorimotor development, adolescent motor and cognitive behavior, glutamate and GABA markers, suggests that MgSO 4 has no major negative impact on these features in both sexes. This point of the absence of toxicity of neonatal MgSO 4 is critical because systematic administration of MgSO 4 in mothers at risk of premature delivery is suggested by several metaanalyses (19) . The number of mothers who need to be treated to prevent 1 case of CP, reported to be 63, highlights the necessity to investigate the potential effects of MgSO 4 itself. A systematic study on unlesioned mice receiving MgSO 4 only under various schedules in the neonatal period is under evaluation.
Taken together, our findings showed that the IBO mouse model is suitable for the analysis and follow-up of sexdependent behavioral and neurochemical alterations representative of some perinatal acquired deficits in humans. Our results provide additional information about the safe use of neonatal MgSO 4 administration and strongly suggest that sexspecific neuroprotection should be foreseen in preterm infants. 
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